The effects of the spin and lattice degrees of freedom on the electronic structure of M1 vanadium dioxide are explored using a quasiparticle description. Contraction of the inter-vanadium spacing of the Peierls pairings stabilizes bonding electrons, reducing polarizability and thus widening the band gap. Increases of this inter-vanadium spacing of as little as 1 % reduce this stabilization, resulting in a crossover to ferromagnetic behaviour accomplished by half of the valence electrons inhabiting the leading edge of the conduction band in localized atomic-like orbitals, as the antiferromagnetic order becomes unstable with respect to rearrangement according to Hund's first rule. The data indicates that the magnetic structure of M1 vanadium dioxide may be finely balanced; the antiferromagnetic order is a consequence of the overlapping nuclear potential of the Peierls pairs, and input which disrupts this will have a significant effect on magnetic properties.
I. INTRODUCTION
The potential of phenomena arising from strongly correlated materials, such as Colossal Magnetoresistance, Metal-Insulator Transitions and High Temperature Superconductivity, for the production of a new generation of devices can hardly be overstated. 1 The possibilities of high temperature superconductivity in particular have created an explosion of interest in the properties of strongly correlated oxides.
2 One such correlated oxide, M1 vanadium dioxide, has long been the subject of intense practical and theoretical interest since the discovery of its metal-insulator transition (MIT)by Morin. This transition from the high temperature metallic tetragonal structure to the low temperature insulating monoclinic structure is accomplished via Peierls pairing of the vanadium atoms combined with an antiferroelectric twist. 4 Modern computational techniques such as Dynamical Mean Field Theory 9 and the GW approximation 10 have shed considerable light on the nature of the insulating phase, [11] [12] [13] indicating that the band gap results from Peierls localization 14 of the d-band electrons driven by strong correlations in the metallic structure.
In recent years, nanofabrication approaches have been developed which can generate structures suitable for high performance devices, and authors have begun to exploit the MIT of VO 2 nanobeams and films for sensing applications, [15] [16] [17] [18] while Nakano et al. demonstrated a new type of Field Effect Transistor. 19 What these approaches have in common, is that modulation of the characteristics of the MIT is achieved by inputting stress or strain.
Despite this interest however, the effect of changes in lattice structure on the electronic structure in the context of strong correlations has not been established. In particular, while insulating VO 2 is antiferromagnetic, it is unclear how robust this ordering is with respect to the spacing of the Peierls configuration. In this study, spinresolved GW calculations are employed to determine this dependency. It is found that the electronic structure can be significantly modified by small changes in the lattice. In particular, strain input which increases the Peierls spacing may result in a transition from antiferromagnetic to ferromagnetic behaviour.
II. METHODS

A. Structures and Geometry Relaxations
The lattice parameters of the M1 structure used were those obtained by Andersson. 20 All calculations were performed using the Vienna Ab Initio Simulation Package. (VASP) 21 Geometry relaxations were performed using Density Functional Theory (DFT) in the Generalized Gradient Approximation (GGA), using PBE06 functionals 22 ) were generated by calculating vectors describing the change in both lattice parameters and atomic positions resulting from the geometry relaxation, multiplying them by the labels listed, and adding them to the geometry relaxed structure. Thus, the structures consist not only of intermediate lattice constants, but also atomic positions. The structures generated for Figure 4 are simple substitutions of either lattice constants, or lattice constants and atomic positions, and are explained in the discussion. Likewise, increases in the Peierls pairing distances were generated by changing the fractional coordinates of the vanadium atoms, holding all other parameters constant.
B. Quasiparticle Calculations
Quasiparticle shifts were calculated using the G 0 W 0 implementation of Shishkin and Kresse.
25 Initially density functional theory 26 (DFT) with the Generalized Gradient Approximation to exchange and correlation 22 was used to converge the wavefunctions on an 8-atom cell, using a 6×6×6 Monkhorst Pack 27 k-point grid, the Brillouin Zone integration method of Bloechl et al. 24 and an exact diagonalization of the Hamiltonian. The GW approximation was used to calculate the eigenvalue shifts due to the electron self energies on a 25 point frequency grid, which was found to give results that were for all intents and purposes, identical to grids of 30 -50 frequencies, while significantly reducing computation time.
Neglecting vertex terms the first order self energy expansion is written:
The screened interaction in momentum-space is given by:
The χ(q, ω) term is the independent particle polarizability (independent as we are using the Random Phase Approximation) which can be written:
This polarizability modifies the Coulomb potential, ν(q), to infinite order, which is summed to give the first order expansion in the screened interaction in equation (2) .
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Equation (3) depends on three main factors: it is directly proportional to difference of the occupancies of the bands on the k-point mesh, f nk , and the exchange charge density (the angled bracket product term), while it is inversely proportional to the difference in the energies of the two states separated by q, n k−q -nk where n and n label the bands. This self-energy operator can be used in place of the usual DFT exchange-correlation potential to generate the band eigenvalues using the quasiparticle equation (QP):
A cut-off energy for the response function calculation of 200 eV was used for all calculations. Figure 2 compares the spin-resolved electronic densities of states (eDOS) obtained from both density functional theory and the GW approximation. Figures 2a-b are the DFT results for the experimental structure parameters, and the geometry relaxed structure respectively. Figures 2c-d are the GW results for the experimental and relaxed structures respectively. As expected, DFT predicts the experimental structure to be metallic, rather than the observed semiconductor, which has been confirmed by numerous studies. 30, 31 In addition, the structure is predicted to be Ferromagnetic, again in contrast to experiment. Of note is the splitting of the high energy d-band states near the Fermi level (E F ), which we return to later. Conversely, the relaxed structure is predicted by DFT to be antiferromagnetic, and semiconducting; the calculated eDOS exhibits a clear splitting of the d-band states at E F , although the gap width is significantly underestimated with respect to the experimentally determined value of 0.65 eV, 31 manifesting simply as zero density of states at E F . Table 1 lists the parameters of the DFT relaxed structure (labeled "GR") and the experimental structure (labelled "EXP") and the percentage differences between them (∆). The data indicates that the DFT relaxation results in a contraction along the a-axis, which combines with an almost 4 % decrease in the spacing between the Peierls paired atoms (V-V (S)), partially compensated for by a 0.27 % increase in the long V-V distance (V-V (L)). The other crystallographic directions however experience slight expansions, while the β angle contracts slightly. Overall, the changes are minor, and can be summarized as a slight exaggeration of the Peierls distortion. Thus, the data of Figures 2a-b and Table 1 suggest that despite its reputation for failure with respect to strongly correlated materials, DFT can achieve reasonable agreement with experiment with respect to the structural parameters of undoped M1 VO 2 structures. The electronic structure however is in rather poor agreement. While the prediction of antiferromagnetic behaviour is correct, the band gap is significantly underestimated, which makes the determination of the effects of structural distortions on the electronic structure extremely uncertain.
III. RESULTS AND DISCUSSION
The frequency-dependent GW data of Figures 2c-d also paint an interesting picture. The EXP structure is again calculated to be ferromagnetic, with the d-band states split into two spin up peaks, separated by a gap of ∼0.35 eV, while the high energy peak appears to form a doublet structure which straddles E F . The geometry relaxed structure, in almost total contrast, is antiferromagnetic. However the GW data exhibits a band gap of 1.66 eV, which is more than double the experimentally determined value. Table 1 suggests that this significant discrepancy in electronic structure is essentially the result of an ∼3.8 % reduction in the internuclear Peierls spacing. The data therefore indicates that the magnetic and insulating behavior is extremely structurally dependent, and presents an opportunity to examine the interplay between the structural and spin degrees of freedom. Figure 2 also suggests that a structure with electronic behavior which agrees with experiment lies between the EXP and GR structures. and c) 1 4 structure all relative to the Fermi level (dashed line).
In order to investigate this, three intermediate structures were obtained by linearly interpolating between the EXP and GR structures, which (setting GR as zero and EXP as one) were named structure, c) this structure has both the a-axis length of the cell parameters of these structures are also listed in Table 1, along with the corresponding band gaps. The 3 4 form exhibits a very similar electronic structure to the EXP form, being ferromagnetic and exhibiting splitting of the d-band states below the Fermi level into two peaks. The 31 This structure differs from the "EXP" structure by half the percentages listed in column 7 of Table 1 . Therefore, most of the changes represent expansions or contractions of less than 1 % apart from the exaggeration of the Peierls pairing. However, even this represents only a ∼1.9 % decrease in the short V-V distance, indicating close agreement between theory and experiment.
The combinations of Figures 2d, 3a -c and the data of Table 1 therefore reveal the dependency of the band gap on structural parameters, and in particular the Peierls pairing distance. As the Peierls pairing distance decreases (e.g. going from the 1 2 to the 1 4 structure), equivalent to a compressive stress, the magnitude of the band gap increases. This echoes resistivity data which revealed an increase in the resistance of the insulating phase under compression along the monoclinic a-axis. 32 This decrease in spacing will increase the nuclear potential overlap between the vanadium atoms, and therefore the potential energy components corresponding to the electron-nuclear interaction will become more negative, lowering the potential energy. This in turn will affect the polarizability of Equation (3) by increasing the energy separation between these states and the empty states given by the denominator, reducing polarizability and increasing the magnitude of the band gap. Going the other way, from the 1 2 to the 3 4 structure, the gap closes completely. The increase in the Peierls spacing, corresponding to a tensile strain, results in a lower stabilization of the repulsion of the Peierls paired electrons, and consequently, as the splitting of the peaks in the eDOS indicates, one of the Peierls bonding electrons is released into the conduction band. Therefore, under strain we expect a significant decrease in resistivity of the insulating phase, once again confirmed by experiment.
32,33
With the experimental dependency of the band gap now reproduced, we are in a position to determine the exact nature of the effects of strain perturbations. Figure 4 displays the eDOSs of four modifications of the experimental structure: a) a structure identical to the experimental, except that the a-axis length is equal to the Figures 4c) and 4d) are a little more subtle. Figure 4c ) has both the a-axis length of the 1 2 structure and the a-axis fractional coordinates for the atomic positions (i.e. it retains the b-and c-axis lengths and fractional coordinates of the experimental structure). Figure 4d ) similarly has both the b-and caxis lengths and atomic positions of the 1 2 structure (i.e. it the a-axis length and atomic positions are the same as those of the experimental structure). structure, which has a Peierls spacing of 2.569Å. For the GW data, filled black circles represent up spins, while down spins are empty circles (in this Figure the bands are degenerate so this is difficult to see). The DFT bands are blue for both spin up and down. The GW DOS is plotted in black while the DFT DOS is plotted in blue. change the electronic structure. Only Figure 4c shows any change, and thus it is the changes in the short and long inter-vanadium spacing along the monoclinic a-axis which determines the magnetic properties.
Figures 5-8 presents a more detailed investigation of this effect by plotting band structures obtained by gradually increasing the inter-vanadium spacing of the Peierls pairs from the 1 2 structure. Figure 5 displays the bands of the 1 2 structure, which as Table 1 indicates has a Peierls spacing of 2.569Å. Figures 6-8 correspond to structures with Peierls spacings of 2.587Å, 2.597Å and 2.606Å respectively. The band structure of the 1 2 structure indicates that there is little difference between the band dispersions calculated by DFT and GW. The band splitting is significantly increased when the GW approximation is used however. Most significantly, a band gap opens at the Fermi level however the oxygen p-bands also shift to considerably lower energy. Also of interest is that the slight splitting of the up and down filled d-bands and the low lying conduction bands in the DFT calculation disappears in the GW calculation, with all bands effectively degen-erate. This indicates that along with the band gap of the 1 2 structure more closely matching experiment when using the GW approximation, the spin degeneracy of this structure is also more closely aligned with experiment. Figure 6 indicates that the electronic structure is relatively stable to small changes in the Peierls spacing; the band dispersions are almost identical. The only differences are minor: the band gap has decreased in magnitude from 0.65 eV to 0.5 eV (in agreement with experimental data 32 ), and the spin degeneracy has been slightly lifted along the A → E and B → D high symmetry paths. This results in slight asymmetry in the densities of states of the up and down spins in the d-band, however away from E F the spin degeneracy remains intact. In Figure 7 , it is seen that sufficiently large increases in the Peierls spacing completely lifts the spin degeneracy of the d-band. In this structure, the original Peierls bonding band is split in two. The up states shift to lower energy, and while the down states remain in almost the same positions relative to E F , the band width increases slightly due to the most strongly correlated states; the regions of flat dispersions along A → E and B → D being lifted above the Fermi level. The formation of these hole regions results in conduction band states being filled and dropping below E f to compensate, dragging the lowlying conduction bands down and closing the gap. Thus we see that as the Peierls spacing increases, the overlapping nuclear potential is no longer strong enough to trap two electrons in a homopolar bond. One of the spin states starts to empty, with the most strongly correlated states (those experiencing the most repulsion or flattest dispersion) emptying first.
A further increase in the Peierls spacing results in the band structures and densities of states of Figure 8 , which adopt the now familiar form of a ferromagnetic structure similar to the 3 4 and EXP structures. In this form, the (erstwhile) bonding band stays relatively unchanged; its dispersion is almost identical to that of Figures 5-7 . However, the spin down component of this band has now almost completely emptied, with the remaining states, which correspond to almost two electrons, filling the lowest lying conduction bands.
A clearer picture can be obtained by converting the peaks of the density of states of Figures 2c and 3b into charge densities, as Figure 9 illustrates. Figures 9a and 9b exhibit slices of the charge density of the a) d-band peak of the 1 2 structure (highlighted in blue in Figure  3b ) and the b) d-band (lower energy) peak of the EXP structure (blue highlight of Figure 2c ) in the (011) plane. The EXP structure is used here for comparison as the up and down spin states do not overlap in the conduction band, allowing their charge densities to be resolved. The EXP band structure and its comparison to that of Figure 8 is presented in the Appendix. The charge densities are clearly very similar, consisting of high density delocalized between the Peierls paired vanadium atoms, with high density between the pairs, providing further confirmation of the Peierls bonding scenario. The magnitude of the interstitial density of the EXP structure is slightly lower, due to the fact that this band corresponds to half as many electrons than in the 1 2 structure, and the overlapping nuclear potential is lower in magnitude. However, in Figure 9c , the high energy d-band peak of the EXP structure (red highlight of Figure 2c ) exhibits rather different character. The charge density is suggestive of an atomic-like orbital, highly localized on the vanadium atoms. Therefore, in the EXP structure each Peierls pair contains one spin up electron inhabiting a molecular (bonding) orbital delocalized across the pair, and one electron with a wavefunction concentrated in atomic-like orbitals centered on the vanadium atoms.
Such splitting of the d-band states from a single, spinpaired molecular orbital into two separate spin up orbitals is clearly a manifestation of Hund's first rule. The increase in the distance between the Peierls paired vanadium atoms decreases the nuclear potential overlap, thereby decreasing the stabilization of the bonding electrons with respect to their mutual repulsion. As a consequence, this repulsion forces the splitting of the occupation into two separate, orthogonal, orbitals with spin alignment blocking hopping between the bonding and non-bonding orbitals due to the Pauli principle, decreasing repulsion.
A comparison of the low energy excitations of the 3 4 and EXP structures (Figures 3c and 2c respectively) indicates that as the inter-vanadium distance of the Peierls pairs continues to increase, the spin down excitations shift to higher energy, while the spin up peak, which forms a doublet with the occupied spin up states of Figure 9c , remains unchanged. Therefore, as the nuclear potential overlap between the Peierls paired vanadium atoms is increased further, it is less able to stabilize the repulsion of spin paired bonding electrons filling the states of Figure 9b , and it shifts to higher energy. Adding a spin up low energy excitation into the 3 4 or the EXP structure results in three spin up electrons spread over the four atomic-like orbitals of Figure 9c per unit cell. Thus, hopping will be slightly inhibited, however there still exists a hole for electrons to move into, lowering their kinetic energies. Figure 9d illustrates the charge density of the green shaded peak of Figure 2c , and while the lobes of the orbitals differ slightly, the nodes indicate that the wavefunction is identical to the filled band of the EXP structure.
Of interest is the fact that the splitting of the EXP structure at the Fermi level in the GW data corresponds to identical charge densities being split into a doublet approximately symmetric about the Fermi level, upon the inclusion of non-local correlations in a quasiparticle description. Therefore the added spin up electron sees a shift to higher energy once the interactions with the valence electrons are properly taken into account. This splitting suggests that these two structures may exhibit Mott-Hubbard character, with on-site repulsion significantly influencing quasiparticle properties. However, single shot G 0 W 0 calculations such as these are not able to properly account for such interactions, as they are based on single particle equations and represent only a first order correction, and therefore the magnitude of this splitting may be significantly understated.
IV. CONCLUSION
Spin-resolved GW calculations reveal that the magnetic structure of M1 vanadium dioxide depends most significantly on the inter-vanadium spacing of the Peierls pairs. Perturbations of other structural parameters manifested almost no effects on spin ordering. Starting from an antiferromagnetically ordered structure with a band gap in agreement with experiment (0.65 eV) and increasing the Peierls pairing distance results in a gradual transition to ferromagnetic ordering. The band gap and spin structure is revealed to be stable to slight perturbations, however further increasing the Peierls spacing results in the overlapping nuclear potential of the pairs weakening, such that an electron is released into the conduction band. In the ground state this electron is spin aligned with the electron occupying the Peierls band, as this occupation of orthogonal wavefunctions and spin alignment results in the minimization of electron repulsion: a manifestation of Hund's first rule, creating a ferromagnetic structure.
V. APPENDIX Figure 10 presents the band structure of the EXP structure as a comparison to that of Figure 8 . Inspection of the band dispersions of the up spin states in the GW data (filled circles) of both Figures suggests that they are virtually identical. However, in the EXP structure the spin down states are shifted to higher energy, such that the leading edge of the spin down conduction band does not fall in the same energy range as the peak corresponding to the conduction band of the spin up states. Therefore, the spin up states appear to change very little passing from Figure 8 to the EXP structure. The shift in the down states however, allows the up spin conduction band of the EXP structure to be converted to charge density without inclusion of any spin down states. For this reason, Figure 9 of the main text uses charge densities of the EXP structure. 
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